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COMPUTERIZED TOOL PATH
GENERATION

This 1s a Continuation of application Ser. No. 13/916,918
filed Jun. 13, 2013. The entire disclosure of the prior
application, application Ser. No. 13/916,918 is hereby incor-
porated by reference.

FIELD OF THE INVENTION

The present invention relates to systems and methodolo-
gies for automated tool path design and computer controlled
machining and products produced thereby.

BACKGROUND OF THE INVENTION

The following publications are believed to represent the

current state ol the art and are hereby incorporated by
reference:

U.S. Pat. Nos. 4,745,558; 4,907,164; 5,363,308; 6,363,
298; 6,447,223, 6,591,158, 7,451,013, 7,577,490 and 7,831,
332: and

US Published Patent Application No.: 2005/0256604.

SUMMARY OF THE INVENTION

The present invention seeks to provide systems and
methodologies for automated tool path design and computer
controlled machining and products produced thereby.

There 1s thus provided in accordance with a preferred
embodiment of the present mvention an automated com-
puter-implemented method for generating commands for
controlling a computer numerically controlled machine to
fabricate an object from a workpiece, the method including
the steps of selecting a maximum permitted engagement
angle between a rotating cutting tool and the workpiece,
selecting a minmimum permitted engagement angle between
the rotating cutting tool and the workpiece, and configuring,
a tool path for the tool relative to the workpiece 1n which the
engagement angle gradually varies between the maximum
permitted engagement angle and the minimum permitted
engagement angle.

In accordance with a preferred embodiment of the present
invention, responsive to consideration of at least one of
characteristics of the computer numerically controlled
machine, rotating cutting tool and material of the workpiece,
the configuring also includes minimizing, subject to other
constraints, the rate of change of the engagement angle over
time, gradually changing the feed speed of the tool corre-
sponding to the changing engagement angle, maintaining a
generally constant work load on the tool, and minimizing the
cost of fabricating the object, whereby the cost 1s a combi-
nation of the cost of operating the machine for the duration
of the fabrication and the cost of the wear inflicted on the
tool during the fabrication.

Preferably, the tool path includes a plurality of tool path
segments and configuring a tool path includes recursively
configuring each of the tool path segments, and wherein
responsive to consideration of at least one of characteristics
of the computer numerically controlled machine, rotating
cutting tool and material of the workpiece, configuring each
of the tool path segments also includes minimizing, subject
to other constraints, the rate of change of the engagement
angle over time, gradually changing the feed speed of the
tool corresponding to the changing engagement angle, main-
taining a generally constant work load on the tool, and
mimmizing the cost of machining the each of the tool path
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segments, whereby the cost 1s a combination of the cost of
operating the machine for the duration of the machining and
the cost of the wear 1ntlicted on the tool during the machin-
ng.

Additionally, each of the tool path segments includes a
plurality of tool path subsegments and recursively config-
uring each of the tool path segments 1ncludes recursively
configuring each of the tool path subsegments, and wherein
responsive to consideration of at least one of characteristics
of the computer numerically controlled machine, rotating
cutting tool and maternal of the workpiece, the configuring
cach of the tool path subsegments also includes mimimizing,
subject to other constraints, the rate of change of the
engagement angle over time, gradually changing the feed
speed of the tool corresponding to the changing engagement
angle, maintaining a generally constant work load on the
tool, and minimizing the cost of machining the each of the
tool path subsegments, whereby the cost 1s a combination of
the cost of operating the machine for the duration of the
machining and the cost of the wear inflicted on the tool
during the machinming.

There 1s also provided 1n accordance with another pre-
ferred embodiment of the present invention a method for
machining a workpiece employing a computer controlled
machine tool, the method including directing the tool along
a tool path wherein an engagement angle between the tool
and the workpiece gradually varies between a preselected
maximum permitted engagement angle and a preselected
minimum permitted engagement angle.

There 1s further provided in accordance with yet another
preferred embodiment of the present invention an automated
computer-implemented apparatus for generating commands
for controlling a computer numerical controlled machine to
fabricate an object from a workpiece, the apparatus includ-
ing a tool path configuration engine operative for configur-
ing a tool path for a tool relative to the workpiece 1n which
the engagement angle gradually varies between a prese-
lected maximum permitted engagement angle and a prese-
lected minimum permitted engagement angle.

Preferably, the configuring includes minimizing, subject
to other constraints, the rate of change of the engagement
angle over time. Preferably, the configuring also includes
gradually changing the feed speed of the tool corresponding
to the changing engagement angle. Preferably, the config-
uring 1s also operative to maintain a generally constant work
load on the tool. Preferably, the configuring 1s also operative
to mimimize the cost of fabricating the object, whereby the
cost 1s a combination of the cost of operating the machine for
the duration of the fabrication and the cost of the wear
inflicted on the tool during the fabrication. The preferred
features referenced 1n this paragraph are also applicable to

all appropriate claimed embodiments of the present inven-
tion.

Preferably, the tool path includes a plurality of tool path
segments and configuring a tool path includes recursively
configuring each of the tool path segments, and wherein the
configuring each of the tool path segments also includes
minimizing, subject to other constraints, the rate of change
of the engagement angle over time, gradually changing the
teed speed of the tool corresponding to the changing engage-
ment angle, maintaining a generally constant work load on
the tool, and minimizing the cost of machining the each of
the tool path segments, whereby the cost 1s a combination of
the cost of operating the machine for the duration of the
machining and the cost of the wear inflicted on the tool
during the machining. The preferred features referenced 1n
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this paragraph are also applicable to all appropriate claimed
embodiments of the present invention.

Preferably, each of the tool path segments includes a
plurality of tool path subsegments and recursively config-
uring each of the tool path segments includes recursively
configuring each of the tool path subsegments, and wherein
the configuring each of the tool path subsegments also
includes minimizing, subject to other constraints, the rate of
change of the engagement angle over time, gradually chang-
ing the feed speed of the tool corresponding to the changing
engagement angle, maintaining a generally constant work
load on the tool, and minimizing the cost of machining the
cach of the tool path subsegments, whereby the cost 1s a
combination of the cost of operating the machine for the
duration of the machining and the cost of the wear intlicted
on the tool during the machining. The preferred features
referenced 1n this paragraph are also applicable to all appro-
priate claimed embodiments of the present invention.

Preferably, the configuring also includes considering at
least one of characteristics of the computer numerically
controlled machine, rotating cutting tool and maternial of the
workpiece. The preferred features referenced 1n this para-
graph are also applicable to all appropriate claimed embodi-
ments of the present invention.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention an
automated computer-controlled machine to fabricate an
object from a workpiece, the machine including a controller
operative for directing a rotating cutting tool along a tool
path relative to the workpiece 1n which an engagement angle
between the tool and the workpiece gradually varies
between a preselected maximum permitted engagement
angle and a preselected minimum permitted engagement
angle.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention an
object fabricated from a workpiece machined using a com-
puter controlled machine tool by directing a rotating cutting,
tool along a tool path wherein an engagement angle between
the rotating cutting tool and the workpiece gradually varies
between a preselected maximum permitted engagement
angle and a preselected minimum permitted engagement
angle.

There 1s yet further provided 1in accordance with still
another preferred embodiment of the present invention an
automated computer-implemented method for generating
commands for controlling a computer numerical controlled
machine to fabricate an object from a workpiece, the method
including the steps of selecting a region of the workpiece to
be removed by a rotating cutting tool, configuring an asym-
metric spiral tool path for the rotating cutting tool 1n the
region of the workpiece, which asymmetric spiral tool path
maximizes the portion of the region of the workpiece which
1s removed by the rotating cutting tool moving along the
asymmetric spiral tool path.

Preferably, the method also includes configuring at least
one trochoidal-like tool path for the rotating cutting tool 1n
a remaining portion of the region of the workpiece which 1s
removed by the tool moving along the trochoidal-like tool
path.

Preferably, the method also includes selecting a maximum
permitted engagement angle between a rotating cutting tool
and the workpiece, selecting a mimmum permitted engage-
ment angle between the rotating cutting tool and the work-
piece, and configuring the asymmetric spiral tool path and
the at least one trochoidal-like tool path relative to the
workpiece so that the engagement angle gradually varies
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4

between the maximum permitted engagement angle and the
minimum permitted engagement angle.

Preferably, responsive to consideration of at least one of
characteristics of the computer numerically controlled
machine, rotating cutting tool and material of the workpiece,
the configuring also includes minimizing, subject to other
constraints, the rate of change of the engagement angle over
time, gradually changing the feed speed of the tool corre-
sponding to the changing engagement angle, maintaining a
generally constant work load on the tool, and minimizing the
cost of fabricating the object, whereby the cost 1s a combi-
nation of the cost of operating the machine for the duration
of the fabrication and the cost of the wear inflicted on the
tool during the fabrication.

Preferably, the asymmetric spiral tool path includes a
plurality of spiral tool path segments, the at least one
trochoidal-like tool path includes a plurality of trochoidal-
like tool path segments, configuring an asymmetric spiral
tool path includes recursively configuring each of the spiral
tool path segments, and configuring at least one trochoidal-
like tool path includes recursively configuring each of the
trochoidal-like tool path segments, and wherein responsive
to consideration of at least one of characteristics of the
computer numerically controlled machine, rotating cutting
tool and material of the workpiece, the configuring each of
the tool path segments also includes minimizing, subject to
other constraints, the rate of change of the engagement angle
over time, gradually changing the feed speed of the tool
corresponding to the changing engagement angle, maintain-
ing a generally constant work load on the tool, and mini-
mizing the cost of machining the each of the tool path
segments, whereby the cost 1s a combination of the cost of

operating the machine for the duration of the machining and
the cost of the wear 1ntlicted on the tool during the machin-
ng.

Additionally, each of the tool path segments includes a
plurality of tool path subsegments and recursively config-
uring each of the tool path segments 1ncludes recursively
configuring each of the tool path subsegments, and wherein
responsive to consideration of at least one of characteristics
of the computer numerically controlled machine, rotating
cutting tool and material of the workpiece, the configuring
cach of the tool path subsegments also includes mimimizing,
subject to other constraints, the rate of change of the
engagement angle over time, gradually changing the feed
speed of the tool corresponding to the changing engagement
angle, maintaining a generally constant work load on the
tool, and minimizing the cost of machining the each of the
tool path subsegments, whereby the cost 1s a combination of
the cost of operating the machine for the duration of the
machining and the cost of the wear inflicted on the tool
during the machining.

Preferably, the asymmetric spiral tool path 1s one of a
converging spiral tool path and a diverging spiral tool path.

There 1s yet further provided i accordance with still
another preferred embodiment of the present invention a
method for machining a workpiece employing a computer
controlled machine tool, the method including selecting a
region of the workpiece to be removed by a rotating cutting
tool, and directing the tool along an asymmetric spiral tool
path 1n the region of the workpiece, wherein the asymmetric
spiral tool path maximizes the portion of the region of the
workpiece which 1s removed by the rotating cutting tool
moving along the asymmetric spiral tool path. Preferably,
the method also includes directing the rotating cutting tool
along at least one trochoidal-like tool path 1n a remaining
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portion of the region of the workpiece which 1s removed by
the tool moving along the trochoidal-like tool path.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention an
automated computer-implemented apparatus for generating
commands for controlling a computer numerical controlled
machine to fabricate an object from a workpiece, the appa-
ratus including a tool path configuration engine operative for
selecting a region of the workpiece to be removed by a
rotating cutting tool, and for configuring an asymmetric
spiral tool path for the rotating cutting tool 1n the region of
the workpiece, which spiral tool path maximizes the portion
of the region of the workpiece which 1s removed by the
rotating cutting tool moving along the asymmetric spiral tool
path.

Preferably, the tool path configuration engine 1s also
operative for configuring at least one trochoidal-like tool
path for the rotating cutting tool 1n a remaining portion of the
region of the workpiece which i1s removed by the tool
moving along the trochoidal-like tool path.

Preferably, the configuring includes selecting a maximum
permitted engagement angle between a rotating cutting tool
and the workpiece, selecting a mimmum permitted engage-
ment angle between the rotating cutting tool and the work-
piece, and configuring the asymmetric spiral tool path and
the at least one trochoidal-like tool path relative to the
workpiece so that the engagement angle gradually varies
between the maximum permitted engagement angle and the
mimmum permitted engagement angle.

Preferably, the configuring includes minimizing, subject
to other constraints, the rate of change of the engagement
angle over time. Preferably, the configuring also includes
gradually changing the feed speed of the tool corresponding
to the changing engagement angle. Preferably, the config-
uring 1s also operative to maintain a generally constant work
load on the tool. Preferably, the configuring is also operative
to minmimize the cost of fabricating the object, whereby the
cost 1s a combination of the cost of operating the machine for
the duration of the fabrication and the cost of the wear
inflicted on the tool during the fabrication.

Preferably, the asymmetric spiral tool path includes a
plurality of spiral tool path segments, the at least one
trochoidal-like tool path includes a plurality of trochoidal-
like tool path segments, configuring an asymmetric spiral
tool path includes recursively configuring each of the spiral
tool path segments, and configuring at least one trochoidal-
like tool path includes recursively configuring each of the
trochoidal-like tool path segments, and wherein responsive
to consideration of at least one of characteristics of the
computer numerically controlled machine, rotating cutting
tool and material of the workpiece, the configuring each of
the tool path segments also includes minimizing, subject to
other constraints, the rate of change of the engagement angle
over time, gradually changing the feed speed of the tool
corresponding to the changing engagement angle, maintain-
ing a generally constant work load on the tool, and mini-
mizing the cost of machining the each of the tool path
segments, whereby the cost 1s a combination of the cost of
operating the machine for the duration of the machining and
the cost of the wear 1nflicted on the tool during the machin-
ing.

Additionally, each of the tool path segments includes a
plurality of tool path subsegments and recursively config-
uring each of the tool path segments includes recursively
configuring each of the tool path subsegments, and wherein
responsive to consideration of at least one of characteristics
of the computer numerically controlled machine, rotating
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cutting tool and material of the workpiece, the configuring
cach of the tool path subsegments also includes minimizing,
subject to other constraints, the rate of change of the
engagement angle over time, gradually changing the feed
speed of the tool corresponding to the changing engagement
angle, maintaining a generally constant work load on the
tool, and minimizing the cost of machining the each of the
tool path subsegments, whereby the cost 1s a combination of
the cost of operating the machine for the duration of the
machining and the cost of the wear inflicted on the tool
during the machiming.

Preferably, the asymmetric spiral tool path 1s one of a
converging spiral tool path and a diverging spiral tool path.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention an
automated computer-controlled machine to fabricate an
object from a workpiece, the machine including a controller
operative for selecting a region of the workpiece to be
removed by a rotating cutting tool, and for directing the
rotating cutting tool along an asymmetric spiral tool path in
the region of the workpiece, which spiral tool path maxi-
mizes the portion of the region of the workpiece which 1s
removed by the rotating cutting tool moving along the
asymmetric spiral tool path.

Preferably, the controller 1s also operative for directing the
rotating cutting tool along at least one trochoidal-like tool
path in a remaining portion of the region of the workpiece
which 1s removed by the tool moving along the trochoidal-
like tool path.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention an
object fabricated from a workpiece machined using a com-
puter controlled machine tool by selecting a region of the
workpiece to be removed by a rotating cutting tool and by
directing the rotating cutting tool along an asymmetric spiral
tool path 1n the region of the workpiece, which spiral tool
path maximizes the portion of the region of the workpiece
which 1s removed by the rotating cutting tool moving along
the asymmetric spiral tool path.

Preferably, the object 1s fabricated also by directing the
rotating cutting tool along at least one trochoidal-like tool
path in a remaining portion of the region of the workpiece
which 1s removed by the tool moving along the trochoidal-
like tool path.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention an
automated computer-implemented method for generating
commands for controlling a computer numerical controlled
machine to fabricate an object from a workpiece, the method
including the steps of selecting a region of the workpiece to
be removed by a rotating cutting tool, selecting a first
portion of the region to be removed by an asymmetric spiral
tool path, and configuring at least one trochoidal-like tool
path for removing a remaining portion of the region, and
wherein the selecting a first portion of the region 1s operative
to minimize the machining time necessary to remove the
region.

Preferably, the method also includes selecting a maximum
permitted engagement angle between a tool and the work-
piece, selecting a minimum permitted engagement angle
between the tool and the workpiece, and configuring the
asymmetric spiral tool path and the at least one trochoidal-
like tool path relative to the workpiece so that the engage-
ment angle gradually varies between the maximum permit-
ted engagement angle and the minimum permitted
engagement angle.
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Preferably, responsive to consideration of at least one of
characteristics of the computer numerically controlled
machine, rotating cutting tool and material of the workpiece,
the configuring also includes minimizing, subject to other
constraints, the rate of change of the engagement angle over
time, gradually changing the feed speed of the tool corre-
sponding to the changing engagement angle, maintaining a
generally constant work load on the tool, and minimizing the
cost of fabricating the object, whereby the cost 1s a combi-
nation of the cost of operating the machine for the duration
of the fabrication and the cost of the wear inflicted on the
tool during the fabrication.

Preferably, the asymmetric spiral tool path includes a
plurality of spiral tool path segments, the at least one
trochoidal-like tool path includes a plurality of trochoidal-
like tool path segments, the configuring an asymmetric
spiral tool path 1includes recursively configuring each of the
spiral tool path segments, the configuring at least one
trochoidal-like tool path includes recursively configuring
cach of the trochoidal-like tool path segments, and wherein
responsive to consideration of at least one of characteristics
of the computer numerically controlled machine, rotating
cutting tool and material of the workpiece, the configuring
cach of the tool path segments also includes minimizing,
subject to other constraints, the rate of change of the
engagement angle over time, gradually changing the feed
speed of the tool corresponding to the changing engagement
angle, maintaining a generally constant work load on the
tool, and minimizing the cost of machiming the each of the
tool path segments, whereby the cost 1s a combination of the
cost of operating the machine for the duration of the machin-
ing and the cost of the wear inflicted on the tool during the
machining.

Preferably, each of the tool path segments includes a
plurality of tool path subsegments and recursively config-
uring each of the tool path segments includes recursively
configuring each of the tool path subsegments, and wherein
responsive to consideration of at least one of characteristics
of the computer numerically controlled machine, rotating
cutting tool and material of the workpiece, the configuring
cach of the tool path subsegments also includes minimizing,
subject to other constraints, the rate of change of the
engagement angle over time, gradually changing the feed
speed of the tool corresponding to the changing engagement
angle, maintaining a generally constant work load on the
tool, and minimizing the cost of machining the each of the
tool path subsegments, whereby the cost 1s a combination of
the cost of operating the machine for the duration of the
machining and the cost of the wear inflicted on the tool
during the machining.

Preferably, the asymmetric spiral tool path 1s one of a
converging spiral tool path and a diverging spiral tool path.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention a
method for machining a workpiece employing a computer
controlled machine tool, the method including selecting a
region of the workpiece to be removed by a rotating cutting
tool, selecting a first portion of the region to be removed by
an asymmetric spiral tool path, and directing the tool along
at least one trochoidal-like tool path 1n a remaiming portion
of the region of the workpiece, and wherein selecting a first
portion of the region 1s operative to minimize the machining,
time necessary to remove the region.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention an
automated computer-implemented apparatus for generating
commands for controlling a computer numerical controlled
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machine to fabricate an object from a workpiece, the appa-
ratus including a tool path configuration engine operative for
selecting a region ol the workpiece to be removed by a
rotating cutting tool, selecting a first portion of the region to
be removed by an asymmetric spiral tool path and for
configuring at least one trochoidal-like tool path for remov-
ing a remaimng portion of the region, and wherein the
selecting a first portion of the region 1s operative to minimize
the machining time necessary to remove the region.

Preferably, the configuring includes selecting a maximum
permitted engagement angle between a rotating cutting tool
and the workpiece, selecting a minimum permitted engage-
ment angle between the rotating cutting tool and the work-
piece, and configuring the asymmetric spiral tool path and
the at least one trochoidal-like tool path relative to the
workpiece so that the engagement angle gradually varies
between the maximum permitted engagement angle and the
minimum permitted engagement angle.

Preferably, the configuring includes minimizing, subject
to other constraints, the rate of change of the engagement
angle over time. Preferably, the configuring also includes
gradually changing the feed speed of the tool corresponding
to the changing engagement angle. Preferably, the config-
uring 1s also operative to maintain a generally constant work
load on the tool. Preferably, the configuring 1s also operative
to minimize the cost of fabricating the object, whereby the
cost 1s a combination of the cost of operating the machine for
the duration of the fabrication and the cost of the wear
inflicted on the tool during the fabrication.

Preferably, the asymmetric spiral tool path includes a
plurality of spiral tool path segments, the at least one
trochoidal-like tool path includes a plurality of trochoidal-
like tool path segments, configuring an asymmetric spiral
tool path includes recursively configuring each of the spiral
tool path segments and configuring at least one trochoidal-
like tool path includes recursively configuring each of the
trochoidal-like tool path segments, and wherein responsive
to consideration of at least one of characteristics of the
computer numerically controlled machine, rotating cutting
tool and material of the workpiece, the configuring each of
the tool path segments also includes minimizing, subject to
other constraints, the rate of change of the engagement angle
over time, gradually changing the feed speed of the tool
corresponding to the changing engagement angle, maintain-
ing a generally constant work load on the tool, and mini-
mizing the cost of machining the each of the tool path
segments, whereby the cost 1s a combination of the cost of
operating the machine for the duration of the machining and
the cost of the wear 1ntlicted on the tool during the machin-
ng.

Additionally, each of the tool path segments includes a
plurality of tool path subsegments and recursively config-
uring each of the tool path segments 1ncludes recursively
configuring each of the tool path subsegments, and wherein
responsive to consideration of at least one of characteristics
of the computer numerically controlled machine, rotating
cutting tool and material of the workpiece, the configuring
cach of the tool path subsegments also includes mimimizing,
subject to other constraints, the rate of change of the
engagement angle over time, gradually changing the feed
speed of the tool corresponding to the changing engagement
angle, maintaining a generally constant work load on the
tool and minimizing the cost of machining the each of the
tool path subsegments, whereby the cost 1s a combination of
the cost of operating the machine for the duration of the
machining and the cost of the wear inflicted on the tool
during the machining.
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Preferably, the asymmetric spiral tool path 1s one of a
converging spiral tool path and a diverging spiral tool path.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention an
automated computer-controlled machine to fabricate an
object from a workpiece, the machine including a controller
operative for selecting a region of the workpiece to be
removed by a rotating cutting tool, selecting a first portion
of the region to be removed by an asymmetric spiral tool
path and for directing the rotating cutting tool along at least
one trochoidal-like tool path 1n the region of the workpiece,
and wherein the selecting a first portion of the region 1is
operative to minimize the machining time necessary to
remove the region.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention an
object fabricated from a workpiece machined using a com-
puter controlled machine tool by selecting a region of the
workpiece to be removed by a rotating cutting tool, selecting,
a first portion of the region to be removed by an asymmetric
spiral tool path and by directing the rotating cutting tool
along at least one trochoidal-like tool path in the region of
the workpiece, and wherein the selecting a first portion of
the region 1s operative to minimize the machining time
necessary to remove the region.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention an
automated computer-implemented method for generating
commands for controlling a computer numerical controlled
machine to fabricate an object from a workpiece by remov-
ing portions of the workpiece which are not to be included
in the object, the method including the steps of considering
the cross section of a desired object to be fabricated from a
workpiece, defining 1solated regions of the cross section on
the workpiece surface which are not to be removed as
1slands, commencing configuring of a tool path 1n a region
not having 1slands, and upon the tool path encountering an
island, configuring a moat tool path which defines a moat
surrounding the 1sland.

Preferably, the method also includes defining a composite
region including the 1sland, the moat surrounding the 1sland
and regions already removed from the workpiece as a
removed region and configuring a tool path to remove a
remaining region of the workpiece, which remaining region
does not include the removed region.

Preferably, the method also includes selecting a maximum
permitted engagement angle between a tool and the work-
piece, selecting a minimum permitted engagement angle
between the tool and the workpiece and configuring the
moat tool path relative to the workpiece so that the engage-
ment angle gradually varies between the maximum permit-
ted engagement angle and the mimmimum permitted engage-
ment angle.

Preferably, responsive to consideration of at least one of
characteristics of the computer numerically controlled
machine, rotating cutting tool and material of the workpiece,
the configuring also includes minimizing, subject to other
constraints, the rate of change of the engagement angle over
time, gradually changing the feed speed of the tool corre-
sponding to the changing engagement angle, maintaining a
generally constant work load on the tool and minimizing the
cost of fabricating the object, whereby the cost 1s a combi-
nation of the cost of operating the machine for the duration
of the fabrication and the cost of the wear inflicted on the
tool during the fabrication.

Additionally, the tool paths include a plurality of tool path
segments and configuring the tool paths includes recursively
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configuring each of the tool path segments, and wherein
responsive to consideration of at least one of characteristics
of the computer numerically controlled machine, rotating
cutting tool and material of the workpiece, the configuring
cach of the tool path segments also includes mimimizing,
subject to other constraints, the rate of change of the
engagement angle over time, gradually changing the feed
speed of the tool corresponding to the changing engagement
angle, maintaining a generally constant work load on the
tool, and minimizing the cost of machining the each of the
tool path segments, whereby the cost 1s a combination of the
cost of operating the machine for the duration of the machin-
ing and the cost of the wear inflicted on the tool during the
machining.

Additionally, each of the tool path segments includes a
plurality of tool path subsegments and recursively config-
uring each of the tool path segments 1ncludes recursively
configuring each of the tool path subsegments, and wherein
responsive to consideration of at least one of characteristics
of the computer numerically controlled machine, rotating
cutting tool and maternial of the workpiece, the configuring
cach of the tool path subsegments also includes minimizing,
subject to other constraints, the rate of change of the
engagement angle over time, gradually changing the feed
speed of the tool corresponding to the changing engagement
angle, maintaining a generally constant work load on the
tool, and minimizing the cost of machining the each of the
tool path subsegments, whereby the cost 1s a combination of
the cost of operating the machine for the duration of the
machining and the cost of the wear inflicted on the tool
during the machining.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention a
method for machining a workpiece employing a computer
controlled machine tool, the method 1ncluding considering
the cross section of a desired object to be fabricated from a
workpiece, defining 1solated regions of the cross section on
the workpiece surface which are not to be removed as
1slands, 1nitially directing the tool along a tool path 1n a
region not having i1slands, and upon the tool path encoun-
tering an 1sland, directing the tool along a moat tool path
which defines a moat surrounding the island.

There 1s yet further provided i accordance with still
another preferred embodiment of the present invention an
automated computer-implemented apparatus for generating
commands for controlling a computer numerical controlled
machine to fabricate an object from a workpiece, the appa-
ratus including a tool path configuration engine operative for
considering the cross section of a desired object to be
tabricated from a workpiece, defining 1solated regions of the
cross section on the workpiece surface which are not to be
removed as 1slands, commencing configuring of a tool path
in a region not having islands, and upon the tool path
encountering an 1sland, for configuring a moat tool path
which defines a moat surrounding the island.

Preferably, the configuration engine 1s also operative for
defining a composite region including the island, the moat
surrounding the island and regions already removed from
the workpiece as a removed region and for configuring a tool
path to remove a remaining region of the workpiece, which
remaining region does not include the removed region.

Preferably, the configuration engine 1s also operative for
selecting a maximum permitted engagement angle between
a tool and the workpiece, selecting a minmimum permaitted
engagement angle between the tool and the workpiece and
for configuring the moat tool path relative to the workpiece
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so that the engagement angle gradually varies between the
maximum permitted engagement angle and the minimum
permitted engagement angle.

Preferably, responsive to consideration of at least one of
characteristics of the computer numerically controlled
machine, rotating cutting tool and material of the workpiece,
the configuring also includes minimizing, subject to other
constraints, the rate of change of the engagement angle over
time, gradually changing the feed speed of the tool corre-
sponding to the changing engagement angle, maintaining a
generally constant work load on the tool, and minimizing the
cost of fabricating the object, whereby the cost 1s a combi-
nation of the cost of operating the machine for the duration
of the fabrication and the cost of the wear inflicted on the
tool during the fabrication.

Additionally, the tool paths include a plurality of tool path
segments and configuring tool paths includes recursively
configuring each of the tool path segments, and wherein
responsive to consideration of at least one of characteristics
of the computer numerically controlled machine, rotating
cutting tool and material of the workpiece, the configuring
cach of the tool path segments also includes minimizing,
subject to other constraints, the rate of change of the
engagement angle over time, gradually changing the feed
speed of the tool corresponding to the changing engagement
angle, maintaining a generally constant work load on the
tool, and minimizing the cost of machiming the each of the
tool path segments, whereby the cost 1s a combination of the
cost of operating the machine for the duration of the machin-
ing and the cost of the wear inflicted on the tool during the
machining.

Additionally, each of the tool path segments includes a
plurality of tool path subsegments and recursively config-
uring each of the tool path segments 1includes recursively
configuring each of the tool path subsegments, and wherein
responsive to consideration of at least one of characteristics
of the computer numerically controlled machine, rotating
cutting tool and material of the workpiece, the configuring
cach of the tool path subsegments also includes minimizing,
subject to other constraints, the rate of change of the
engagement angle over time, gradually changing the feed
speed of the tool corresponding to the changing engagement
angle, maintaining a generally constant work load on the
tool, and minimizing the cost of machiming the each of the
tool path subsegments, whereby the cost 1s a combination of
the cost of operating the machine for the duration of the
machining and the cost of the wear inflicted on the tool
during the machining.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention an
automated computer-controlled machine to fabricate an
object from a workpiece, the machine including a controller
operative for considering the cross section of a desired
object to be fabricated from a workpiece, defining 1solated
regions of the cross section on the workpiece surface which
are not to be removed as 1slands, and for nitially directing
the tool along a tool path 1n a region not having 1slands, and
upon the tool path encountering an 1sland, for directing the
tool along a tool path which defines a moat surrounding the
1sland.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention an
object fabricated from a workpiece machined using a com-
puter controlled machine tool by considering the cross
section of a desired object to be fabricated from a workpiece,
defining 1solated regions of the cross section on the work-
piece surface which are not to be removed as islands,
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iitially directing the tool along a tool path 1n a region not
having 1slands, and upon the tool path encountering an
island, directing the tool along a tool path which defines a
moat surrounding the island.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention an
automated computer-implemented method for generating
commands for controlling a computer numerical controlled
machine to fabricate an object from a workpiece by remov-
ing portions of the workpiece which are not to be included
in the object, the method including the steps of 1dentifying
at least one open region for which a first machining time
needed to remove the region 1s longer than a second machin-
ing time needed to divide the region into two independent
regions by removing a separating channel by a rotating
cutting tool between the two independent regions and
removing the two independent regions, and defining 1n the
region at least one separating channel extending between
two points on edges of an external boundary of the region,
thereby dividing the region into at least two independent
regions.

Preferably, the method also includes configuring at least
one trochoidal-like tool path for the rotating cutting tool 1n
the separating channel which 1s removed by the tool moving
along the trochoidal-like tool path.

Preferably, the method also includes selecting a maximum
permitted engagement angle between a rotating cutting tool
and the workpiece, selecting a mimnimum permitted engage-
ment angle between the rotating cutting tool and the work-
piece, and configuring the at least one trochoidal-like tool
path relative to the workpiece so that the engagement angle
gradually varies between the maximum permitted engage-
ment angle and the minimum permitted engagement angle.

Additionally, responsive to consideration of at least one of
characteristics of the computer numerically controlled
machine, rotating cutting tool and material of the workpiece,
the configuring also includes minimizing, subject to other
constraints, the rate of change of the engagement angle over
time, gradually changing the feed speed of the tool corre-
sponding to the changing engagement angle, maintaining a
generally constant work load on the tool and mimimizing the
cost of fabricating the object, whereby the cost 1s a combi-
nation of the cost of operating the machine for the duration
of the fabrication and the cost of the wear inflicted on the
tool during the fabrication.

Preferably, the at least one trochoidal-like tool path
includes a plurality of trochoidal-like tool path segments and
configuring at least one trochoidal-like tool path includes
recursively configuring each of the trochoidal-like tool path
segments, and wherein responsive to consideration of at
least one of characteristics of the computer numerically
controlled machine, rotating cutting tool and material of the
workpiece, the configuring each of the tool path segments
also mncludes minimizing, subject to other constraints, the
rate of change of the engagement angle over time, gradually
changing the feed speed of the tool corresponding to the
changing engagement angle, maintaining a generally con-
stant work load on the tool, and minimizing the cost of
machining the each of the tool path segments, whereby the
cost 1s a combination of the cost of operating the machine for
the duration of the machining and the cost of the wear
inflicted on the tool during the machining.

Additionally, each of the tool path segments includes a
plurality of tool path subsegments and recursively config-
uring each of the tool path segments 1ncludes recursively
configuring each of the tool path subsegments, and wherein
responsive to consideration of at least one of characteristics
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of the computer numerically controlled machine, rotating
cutting tool and material of the workpiece, the configuring
cach of the tool path subsegments also includes minimizing,
subject to other constraints, the rate of change of the
engagement angle over time, gradually changing the feed
speed of the tool corresponding to the changing engagement
angle, maintaining a generally constant work load on the
tool, and minimizing the cost of machining the each of the
tool path subsegments, whereby the cost 1s a combination of
the cost of operating the machine for the duration of the
machining and the cost of the wear inflicted on the tool
during the machining.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention a
method for machining a workpiece employing a computer
controlled machine tool, the method including 1dentifying at
least one open region for which a first machining time
needed to remove the region 1s longer than a second machin-
ing time needed to divide the region into two independent
regions by removing a separating channel by a rotating
cutting tool between the two independent regions and
removing the two independent regions, and directing the
tool along a trochoidal-like tool path in the at least one
separating channel extending between two points on edges
of an external boundary of the region, thereby dividing the
region into at least two independent regions.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention an
automated computer-implemented apparatus for generating
commands for controlling a computer numerical controlled
machine to fabricate an object from a workpiece by remov-
ing portions of the workpiece which are not to be included
in the object, the apparatus including a tool path configu-
ration engine operative for identilying at least one open
region for which a first machining time needed to remove the
region 1s longer than a second machining time needed to
divide the region 1nto two independent regions by removing
a separating channel by a rotating cutting tool between the
two mdependent regions and removing the two independent
regions, and for defimng in the region at least one separating,
channel extending between two points on edges of an
external boundary of the region, thereby dividing the region
into at least two independent regions.

Preferably, the tool path configuration engine 1s also
operative for configuring at least one trochoidal-like tool
path for the rotating cutting tool in the separating channel
which 1s removed by the tool moving along the trochoidal-
like tool path.

Additionally, the configuring includes selecting a maxi-
mum permitted engagement angle between a rotating cutting,
tool and the workpiece, selecting a minimum permitted
engagement angle between the rotating cutting tool and the
workpiece, and configuring the at least one trochoidal-like
tool path relative to the workpiece so that the engagement
angle gradually varies between the maximum permitted
engagement angle and the mimmum permitted engagement
angle.

Additionally, responsive to consideration of at least one of
characteristics of the computer numerically controlled
machine, rotating cutting tool and material of the workpiece,
the configuring each of the tool path segments also includes
mimmizing, subject to other constraints, the rate of change
of the engagement angle over time, gradually changing the
teed speed of the tool corresponding to the changing engage-
ment angle, maintaining a generally constant work load on
the tool, and minimizing the cost of fabricating the object,
whereby the cost 1s a combination of the cost of operating,
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the machine for the duration of the fabrication and the cost
of the wear inflicted on the tool during the fabrication.

Additionally, the at least one trochoidal-like tool path
includes a plurality of trochoidal-like tool path segments and
the configuring at least one trochoidal-like tool path includes
recursively configuring each of the trochoidal-like tool path
segments, and wherein responsive to consideration of at
least one of characteristics of the computer numerically
controlled machine, rotating cutting tool and material of the
workpiece, the configuring each of the tool path segments
also includes mimmizing, subject to other constraints, the
rate of change of the engagement angle over time, gradually
changing the feed speed of the tool corresponding to the
changing engagement angle, maintaining a generally con-
stant work load on the tool, and minimizing the cost of
machining the each of the tool path segments, whereby the
cost 1s a combination of the cost of operating the machine for
the duration of the machining and the cost of the wear
inflicted on the tool during the machining.

Additionally, each of the tool path segments includes a
plurality of tool path subsegments and recursively config-
uring each of the tool path segments includes recursively
configuring each of the tool path subsegments, and wherein
responsive to consideration of at least one of characteristics
of the computer numerically controlled machine, rotating
cutting tool and material of the workpiece, the configuring
cach of the tool path subsegments also includes mimimizing,
subject to other constraints, the rate of change of the
engagement angle over time, gradually changing the feed
speed of the tool corresponding to the changing engagement
angle, maintaining a generally constant work load on the
tool, and minimizing the cost of machining the each of the
tool path subsegments, whereby the cost 1s a combination of
the cost of operating the machine for the duration of the
machining and the cost of the wear inflicted on the tool
during the machining.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention an
automated computer-controlled machine to fabricate an
object from a workpiece, the machine including a controller
operative for 1dentifying at least one open region for which
a first machining time needed to remove the region 1s longer
than a second machining time needed to divide the region
into two independent regions by removing a separating
channel by a rotating cutting tool between the two 1ndepen-
dent regions and removing the two independent regions, and
for directing the tool along a trochoidal-like tool path in the
at least one separating channel extending between two
points on edges of an external boundary of the region,
thereby dividing the region into at least two independent
regions.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention an
object fabricated from a workpiece machined using a com-
puter controlled machine tool by identifying at least one
open region for which a first machiming time needed to
remove the region 1s longer than a second machining time
needed to divide the region into two independent regions by
removing a separating channel by a rotating cutting tool
between the two independent regions and removing the two
independent regions, and defining 1n the region at least one
separating channel extending between two points on edges
of an external boundary of the region, thereby dividing the
region to at least two independent regions.

Preferably, the object 1s fabricated also by directing the
rotating cutting tool along at least one trochoidal-like tool in
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the separating channel which 1s removed by the tool moving,
along the trochoidal-like tool path.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention an
automated computer-implemented method for generating
commands for controlling a computer numerical controlled
machine to fabricate an object from a workpiece by remov-
ing portions of the workpiece which are not to be included
in the object, and including the steps of identifying at least
one semi-open region for which a first machining time
needed to remove the region by employing a trochoidal-like
tool path 1s longer than a second machining time needed to
1solate the region by removing separating channels between
the region and all closed external boundary segments of the
region and removing the remainder of the region, and
defining 1n the region to be removed at least one separating
channel between the region and all closed external boundary
segments of the region, thereby defining a remaining open
region to be removed.

Preferably, the method also includes configuring at least
one trochoidal-like tool path for the rotating cutting tool 1n
the separating channel which i1s removed by the tool moving,
along the at least one trochoidal-like tool path.

Preferably, the method also includes selecting a maximum
permitted engagement angle between a rotating cutting tool
and the workpiece, selecting a minimum permitted engage-
ment angle between the rotating cutting tool and the work-
piece, and configuring the at least one trochoidal-like tool
path relative to the workpiece so that the engagement angle
gradually varies between the maximum permitted engage-
ment angle and the minimum permitted engagement angle.

Additionally, responsive to consideration of at least one of
characteristics of the computer numerically controlled
machine, rotating cutting tool and material of the workpiece,
the configuring also includes minimizing, subject to other
constraints, the rate of change of the engagement angle over
time, gradually changing the feed speed of the tool corre-
sponding to the changing engagement angle, maintaining a
generally constant work load on the tool, and minimizing the
cost of fabricating the object, whereby the cost 1s a combi-
nation of the cost of operating the machine for the duration
of the fabrication and the cost of the wear inflicted on the
tool during the fabrication.

Preferably, the at least one trochoidal-like tool path
includes a plurality of trochoidal-like tool path segments and
the configuring at least one trochoidal-like tool path includes
recursively configuring each of the trochoidal-like tool path
segments, and wherein responsive to consideration of at
least one of characteristics of the computer numerically
controlled machine, rotating cutting tool and maternial of the
workpiece, the configuring each of the tool path segments
also includes mimmizing, subject to other constraints, the
rate of change of the engagement angle over time, gradually
changing the feed speed of the tool corresponding to the
changing engagement angle, maintaining a generally con-
stant work load on the tool, and minimizing the cost of
machining the each of the tool path segments, whereby the
cost 1s a combination of the cost of operating the machine for
the duration of the machining and the cost of the wear
inflicted on the tool during the machining.

Additionally, each of the tool path segments includes a
plurality of tool path subsegments and recursively config-
uring each of the tool path segments includes recursively
configuring each of the tool path subsegments, and wherein
responsive to consideration of at least one of characteristics
of the computer numerically controlled machine, rotating
cutting tool and material of the workpiece, the configuring
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cach of the tool path subsegments also includes mimimizing,
subject to other constraints, the rate of change of the
engagement angle over time, gradually changing the feed
speed of the tool corresponding to the changing engagement
angle, maintaining a generally constant work load on the
tool, and minimizing the cost of machining the each of the
tool path subsegments, whereby the cost 1s a combination of
the cost of operating the machine for the duration of the
machining and the cost of the wear inflicted on the tool
during the machiming.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention a
method for machining a workpiece employing a computer
controlled machine tool, the method including 1dentifying at
least one semi-open region for which a first machining time
needed to remove the region by employing a trochoidal-like
tool path 1s longer than a second machining time needed to
1solate the region by removing separating channels between
the region and all closed external boundary segments of the
region and removing the remainder of the region, and
defining 1n the region to be removed at least one separating
channel between the region and all closed external boundary
segments of the region, thereby defining a remaining open
region to be removed.

There 1s yet further provided i accordance with still
another preferred embodiment of the present invention an
automated computer-implemented apparatus for generating
commands for controlling a computer numerical controlled
machine to fabricate an object from a workpiece by remov-
ing portions of the workpiece which are not to be included
in the object, the apparatus including a tool path configu-
ration engine operative for identifying at least one semi-
open region for which a first machining time needed to
remove the region by employing a trochoidal-like tool path
1s longer than a second machining time needed to 1solate the
region by removing separating channels between the region
and all closed external boundary segments of the region and
removing the remainder of the region, and for defining in the
region to be removed at least one separating channel
between the region and all closed external boundary seg-
ments of the region, thereby defining a remaining open
region to be removed.

Preferably, the tool path configuration engine 1s also
operative for configuring at least one trochoidal-like tool
path for the rotating cutting tool in the separating channel
which 1s removed by the tool moving along the trochoidal-
like tool path.

Additionally, the configuring includes selecting a maxi-
mum permitted engagement angle between a rotating cutting
tool and the workpiece, selecting a minimum permitted
engagement angle between the rotating cutting tool and the
workpiece, and configuring the at least one trochoidal-like
tool path relative to the workpiece so that the engagement
angle gradually varies between the maximum permitted
engagement angle and the mimmum permitted engagement
angle.

Preferably, responsive to consideration of at least one of
characteristics of the computer numerically controlled
machine, rotating cutting tool and material of the workpiece,
the configuring each of the tool path segments also includes
minimizing, subject to other constraints, the rate of change
of the engagement angle over time, gradually changing the
teed speed of the tool corresponding to the changing engage-
ment angle, maintaining a generally constant work load on
the tool, and minimizing the cost of fabricating the object,
whereby the cost 1s a combination of the cost of operating
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the machine for the duration of the fabrication and the cost
of the wear inflicted on the tool during the fabrication.

Additionally, the at least one trochoidal-like tool path
includes a plurality of trochoidal-like tool path segments and
the configuring at least one trochoidal-like tool path includes
recursively configuring each of the trochoidal-like tool path
segments, and wherein responsive to consideration of at
least one of characteristics of the computer numerically
controlled machine, rotating cutting tool and material of the
workpiece, the configuring each of the tool path segments
also includes mimmizing, subject to other constraints, the
rate of change of the engagement angle over time, gradually
changing the feed speed of the tool corresponding to the
changing engagement angle, maintaining a generally con-
stant work load on the tool, and minimizing the cost of
machining the each of the tool path segments, whereby the
cost 1s a combination of the cost of operating the machine for
the duration of the machining and the cost of the wear
inflicted on the tool during the machining.

Additionally, each of the tool path segments includes a
plurality of tool path subsegments and recursively config-
uring each of the tool path segments includes recursively
configuring each of the tool path subsegments, and wherein
responsive to consideration of at least one of characteristics
of the computer numerically controlled machine, rotating
cutting tool and material of the workpiece, the configuring
cach of the tool path subsegments also includes minimizing,
subject to other constraints, the rate of change of the
engagement angle over time, gradually changing the feed
speed of the tool corresponding to the changing engagement
angle, maintaining a generally constant work load on the
tool, and minimizing the cost of machining the each of the
tool path subsegments, whereby the cost 1s a combination of
the cost of operating the machine for the duration of the
machining and the cost of the wear inflicted on the tool
during the machining.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention an
automated computer-controlled machine to fabricate an
object from a workpiece, the machine including a controller
operative for identifying at least one semi-open region for
which a first machining time needed to remove the region by
employing a trochoidal-like tool path 1s longer than a second
machining time needed to isolate the region by removing
separating channels between the region and all closed exter-
nal boundary segments of the region and removing the
remainder of the region, and for directing the tool along a
trochoidal-like tool path 1n the at least one separating
channel between the region and all closed external boundary
segments ol the region, thereby defining a remaining open
region to be removed.

There 1s yet further provided in accordance with still
another preferred embodiment of the present invention an
object fabricated from a workpiece machined using a com-
puter controlled machine tool by identifying at least one
semi-open region for which a first machining time needed to
remove the region by employing a trochoidal-like tool path
1s longer than a second machining time needed to 1solate the
region by removing separating channels between the region
and all closed external boundary segments of the region and
removing the remainder of the region, and by defining in the
region to be removed at least one separating channel
between the region and all closed external boundary seg-
ments ol the region, thereby defining a remaining open
region to be removed.

Preferably, the object 1s fabricated also by directing the
rotating cutting tool along at least one trochoidal-like tool in
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the separating channel which 1s removed by the tool moving
along the trochoidal-like tool path.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be understood and appreciated
more fully from the following detailed description, taken in
conjunction with the drawings 1n which:

FIGS. 1A-15-2 are together a series of simplified 1llus-
trations which are helpful in understanding the invention;

FIGS. 2A-2L.-2 are together another series of simplified
illustrations which are helpiul 1n understanding the nven-
tion;

FIGS. 3A-3D are simplified screen shots illustrating some

aspects of the present mnvention; and
FIGS. 4A and 4B are simplified illustrations of details of
functionality illustrated more generally 1n certain ones of

FIGS. 1A-1S-2 and FIGS. 2A-2L.-2.

L1
=T

ERRED

DETAILED DESCRIPTION OF A PR
EMBODIMENT

The present mvention relates to various aspects of an
automated computer-implemented method for generating
commands for controlling a computer numerical controlled
(CNC) machine to fabricate an object from a stock material,
various aspects of a method for machiming the stock material
which employs the above commands, automated computer-
implemented apparatus for generating the above commands,
a numerically-controlled machine operative to fabricate an
object from a stock material by using the above commands,
and an object fabricated by using the above commands.

The mvention, 1n 1ts various aspects, 1s described here-
inbelow with respect to a series of drawings, which nitially
illustrate an example of an object to be fabricated, a simu-
lated overlay of the object on a stock material to be
machined and sequences of machining steps that are pro-
duced by commands generated in accordance with the
present invention. It 1s appreciated that although sequential
machining steps are illustrated, the invention 1s not limited
to a machining method but extends as noted above to the
generation of the commands, the apparatus, which generates
them, the apparatus which carries them out and to the result
produced thereby.

The term “calculation” 1s used throughout to refer to the
generation of commands which produce sequences of
machining steps to be employed in the machining of a
particular region of the stock material. The definitions
“calculate”, “calculation” and calculation are of correspond-
Ing meaning.

FIGS. 1A and 1B are respective pictorial and top view
illustrations of an object 100 which 1s an example of objects
that can be fabricated 1n accordance with the present inven-
tion. The configuration of the object 100 1s selected to
illustrate various particular features of the present invention.
It 1s noted that any suitable three-dimensional object that can
be machined by a conventional 3-axis CNC machine tool
may be fabricated 1n accordance with a preferred embodi-
ment of the present invention.

As seen 1 FIGS. 1A & 1B, the object 100 1s seen to have
a generally planar base portion 102 from which five protru-
s10ns, here designated by reference numerals 104, 106, 108,
110 and 112 extend. FIG. 1C shows stock material 114
overlaid by an outline of object 100.

In accordance with a preferred embodiment of the present
invention, a tool path designer, using the automated com-

puter-implemented method for generating commands for




US 9,823,645 B2

19

controlling a computer numerical controlled machine of the
present invention, accesses a CAD drawing of the object 100
in a standard CAD format, such as SOLIDWORKS®. He
selects a specific machine tool to be used in fabrication of
the object 100 from a menu and selects a specific rotating
cutting tool to carry out each machining function required to
tabricate the object.

For the sake of simplicity, the illustrated object 100 1s
chosen to be an object that can be fabricated by a single
machining function, 1t being appreciated that the applicabil-
ity of the present invention i1s not limited to objects which
can be fabricated by a single machining function.

The tool path designer then defines the geometry of the
stock material to be used in fabrication of the object 100.
This may be done automatically by the automated computer-
implemented apparatus of the present invention or manually
by the tool path designer. The tool path designer then
specifies the material which constitutes the stock material,
for example, INCONEL® 718. The present invention uti-
lizes the choice of machine tool, rotating cutting tool and the
material by the tool path designer to calculate various
operational parameters, based on characteristics of the
machine tool, rotating cutting tool and material.

In accordance with a preferred embodiment of the present
invention, a series of display screens are employed to
provide a display for the tool path designer, indicating the
various operational parameters, such as minimum and maxi-
mum surface cutting speed, mimmimum and maximum chip
thickness, minimum and maximum feed speed, minimum
and maximum spindle rotational speed, minimum and maxi-
mum engagement angles between the rotating cutting tool
and the workpiece, axial depth of cut, machining aggres-
siveness level. An example of such a series of display
screens appears 1 FIGS. 3A-3D.

The tool path designer 1s given limited latitude 1n chang-
ing some of the parameters, such as particularly, the machin-
ing aggressiveness level. Preferably, the tool path designer
may also 1nstruct the system to select parameters for which,
for example, optimization of machining time, wear intlicted
on the cutting tool, machining cost or any combination
thereot 1s achieved. It 1s appreciated that although for some
of the operational parameters described hereinabove a range
of values 1s displayed to the tool path designer, the present
invention also calculates an optimal operational value for all
of the operational parameters to be employed.

Once all of the parameters appearing on the screen, such
as the display screens of FIGS. 3A-3D, are finalized, a tool
path for machining the workpiece 1s calculated 1n accor-
dance with a preferred embodiment of the present invention.
The calculation of a tool path 1n accordance with a preferred
embodiment of the present invention 1s described hereinbe-
low with reference to FIGS. 1A-1S-2 which 1llustrate the
actual progression of tool path in stock material 114.

It 1s a particular feature of the present invention that the
tool path 1s calculated recursively, whereby nitially a first
tool path segment of the tool path 1s calculated for an 1nitial
region of the workpiece, and thereatter a subsequent sequen-
t1al tool path segment of the tool path 1s similarly calculated
for an 1nitial region of a remaining region of the workpiece.
Additional subsequent sequential tool path segments are
similarly calculated, until a tool path for machining the
entire workpiece to the desired object has been calculated.

Initially, a first cross section of the stock material having
the outline of the object 100 overlaid thereon and having a
depth equal to the designated axial depth of cut 1s calculated.
This cross section 1s 1llustrated schematically in FIG. 1D and
1s designated by reference numeral 116. Cross section 116 1s
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characterized as having an external boundary 118 and a
plurality of 1slands 105, 107, 109, 111 and 113 respectively
corresponding to the cross sections of protrusions 104, 106,
108, 110 and 112 at the depth of cross section 116. It 1s
appreciated that 1slands 105, 107, 109, 111 and 113 are oflset

externally to the cross sections of protrusions 104, 106, 108,
110 and 112 by a distance which 1s generally a bit larger than
the radius of the rotating cutting tool, thereby when machin-
ing a tool path which circumvents the islands, a narrow
finishing width remains to be finish machined at a later
stage.

It 1s appreciated that the axial depth of cross section 116
constitutes a first step down which 1s a first phase 1n the
machining of object 100. Throughout, the term *““step down”
1s used to describe a single machining phase at a constant
depth. As shown 1n FIG. 1C, the complete machining of
object 100 requires two additional step downs corresponding
to cross sections 119 and 120. Therefore, subsequent to the
calculation of cross section 116, a second step down and
thereatter a third step down are calculated, corresponding to
cross sections 119 and 120. Preferably, the vertical distance
between subsequent step downs 1s generally between 1 and
4 times the diameter of the rotating cutting tool.

In accordance with a preferred embodiment of the present
invention, a machining region 1s initially automatically
identified 1n cross section 116. There are preferably three
types of machiming regions which are classified by the
characteristics of their exterior boundaries. Throughout, a
segment of the boundary of a region through which the
region can be reached by a rotating cutting tool from the
outside of the region by horizontal progression of the
rotating cutting tool 1s termed an “open edge”. All other
boundary segments are termed throughout as “closed
edges”.

The three types of machining regions are classified as
follows:

Type I—an open region characterized in that the entire
exterior boundary of the region consists solely of open
edges;

Type II—a semi-open region characterized in that the
exterior boundary of the region consists of both open edges
and closed edges;

Type III—a closed region characterized in that the entire
exterior boundary of the region consists solely of closed
edges;

Preferably, a tool path to be employed 1n machining a
region 1s calculated to comprise one or more tool path
segments, wherein each tool path segment 1s one of a
converging spiral tool path segment, a trochoidal-like tool
path segment and a diverging spiral tool path segment.
Generally, a converging spiral tool path segment 1s preferred
when machining a Type I region, a trochoidal-like tool path
segment 1s preferred when machining a Type Il region, and
a diverging spiral tool path 1s preferred when machining a
Type III region.

The term ““trochoidal-like” 1s used throughout to mean a
trochoidal tool path or a modification thereof that retains a
curved cutting path and a return path which could be either
curved or generally straight.

As known to persons skilled 1n the art, the machining of
spiral tool path segments 1s generally more eflicient with
respect to the amount of material removed per unit of time
than the machining of trochoidal-like tool path segments for
generally similar average stepovers. Therefore, the present
invention seeks to maximize the area to be machined by
spiral tool path segments.
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A converging spiral tool path segment calculated to
machine a Type I region preferably 1s a tool path segment
which spirals mmwardly from an external boundary of the
region to an internal contour. The internal contour 1s prei-
erably calculated as follows:

In a case where there are no 1slands within the external
boundary of the Type I region, the internal contour is
preferably calculated to be a small circle having a radius
which 1s generally smaller than the radius of the cutting tool,
and which 1s centered around the center of area of the region;

In a case where there i1s one 1sland within the external
boundary of the Type I region, and the shortest distance
between the one island and the external boundary of the
Type 1 region 1s longer than a selected fraction of the
diameter of the rotating cutting tool, the internal contour 1s
preferably calculated to be generally alongside the external
boundary of the 1sland; and

In a case where:

there 1s one 1sland within the external boundary of the

Type 1 region and the shortest distance between the
single 1sland and the external boundary of the Type I
region 1s shorter than a selected fraction of the diameter
of the rotating cutting tool; or

there 1s more than one 1sland within the external boundary

of the Type I region
the internal contour 1s preferably calculated to be a contour
which 1s oflset interiorly to the external boundary of the
region by a distance which 1s generally equal to 1.5 radi of
the rotating cutting tool.

Once the internal contour 1s calculated, 1t 1s automatically
verifled that the internal contour does not self intersect. In a
case where the internal contour does self intersect at one or
more locations, preferably a bottleneck 1s 1dentified 1n the
vicinity of each such self intersection. If the bottleneck does
not overlap with an 1sland, a separating channel 1s preferably
calculated at each such bottleneck. A separating channel
preferably divides the region nto two Type I regions which
can be machined mdependently of each other by separate
converging spiral tool path segments. If the bottleneck does
overlap with an 1sland, the internal contour 1s preferably
recalculated to be offset interiorly to the external boundary
by generally half of the original offset. This process 1s
repeated until an internal contour which does not seli-
intersect 1s calculated.

It 1s a particular feature of the present invention that a
converging spiral tool path segment which spirals inwardly
from an external boundary of a region to an internal contour
1s calculated to be a “morphing spiral”. The term “morphing
spiral” 1s used throughout to mean a spiral tool path segment
which gradually morphs the geometrical shape of one
boundary or contour to the geometrical shape of a second
boundary or contour as the spiral tool path segment spirals
therebetween. While various methods of morphing are
known to persons skilled in the art, the present mmvention
seeks to 1mplement particular methods of morphing in
accordance with preferred embodiments of the present
invention, as described hereinbelow.

It 1s another particular feature of the present invention that
the engagement angle of the cutting tool employed through-
out the tool path segment i1s not fixed, but rather may vary
between the predetermined minimum and maximum
engagement angles over the course of the tool path segment.
This varying of the engagement angle allows for varying
stepovers over the course of the tool path segment, and
thereby enables the tool path segment to morph between two
generally dissimilar geometrical shapes. The term “ste-
pover” 1s used throughout to designate the distance between
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sequential loops of a spiral tool path segment. It 1s appre-
ciated that the cutting tool efliciency which 1s achieved by
employing a morphing spiral tool path segment 1s generally
significantly greater than the cutting tool efliciency which 1s
achieved by employing a trochoidal-like tool path segment.
It 1s also appreciated that where appropriate, an engagement
angle which 1s generally close to the maximum engagement
angle 1s preferred.

While 1t 1s appreciated that employing varying engage-
ment angles over the course of a tool path segment may have
a negative impact of increasing the wear of the cutting tool
due to the varying mechanical load on the cutting tool and
to chip thinning, 1t 1s a particular feature of the present
invention that this negative impact i1s generally compensated
for by automatically dynamically adjusting the feed velocity
to correspond to the varying engagement angle. It 1s another
particular feature of the present invention that the engage-
ment angle 1s varied gradually over the course of the tool
path segment, thereby preventing sudden and sharp changes
in cutting tool load, and thereby further reducing excess
wear of the cutting tool.

Returning now to the calculation of a converging spiral
tool path segment employed to machine a Type 1 region,
once an internal contour has been calculated, the number of
loops to be included 1n a converging spiral tool path segment

which spirals inwardly from the external boundary of the
region to the internal contour 1s calculated preferably as
illustrated 1n FIG. 4A.

As shown 1 FIG. 4A, a plurality of bridges 500 of a
predefined density are each stretched from the internal
contour 502 to the external boundary 504. A bridge point
506 of each of bridges 500 1s imitially defined as the point of
intersection of bridge 500 with external boundary 504. The
length of the shortest bridge divided by the minimum
stepover 1s generally equal to the maximum number of loops
that can be included in the spiral tool path segment. The
length of the longest bridge divided by the maximum
stepover 1s generally equal to the minimum number of loops
which must be included 1n the spiral tool path. As described
hereinabove, minimum and maximum engagement angles
are determined based on information provided by the tool
path designer, which angles determine the minimum and
maximum stepover of the spiral tool path segment.

It 1s appreciated that the furthest distance, 1n any direc-
tion, from internal contour 502 which can be machined by
a converging spiral tool path segment 1s the number of loops
included 1n the converging spiral tool path segment multi-
plied by the maximum stepover. Areas between internal
contour 302 and external boundary 504 beyond this furthest
distance from the internal contour cannot be machined by
the converging spiral tool path segment, and are therefore
preferably machined by clipping prior to the machining of
the converging spiral tool path segment. Throughout, the
term “clipping” 1s used to define the calculation of machin-
ing of areas of a region which cannot be machined by an
optimal spiral tool path segment. Typically, clipped areas are
machined either by a trochoidal-like tool path segment,
betore the machining of the spiral tool path segment, or by
machining a separating channel which separates the clipped
area Irom the remainder of the region and by subsequently
machining the separated clipped area separately by a spiral
tool path segment.

Throughout, a parameter ‘n” will be used to designate a
possible number of loops to be included 1n a spiral tool path
segment, whereimn n 1s a number between the minimum
number of loops which must be included in the spiral tool
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path segment and the maximum number of loops that can be
included 1n the spiral tool path segment.

For each possible value of n, a first work time for a first
machining method needed to machine the area between
external boundary 504 and internal contour 502 1s calculated
by summing the time needed to machine the spiral tool path
segment and the time needed to machine all clipped areas
which were 1dentified between external boundary 504 and
internal contour 502 as described hereinabove. The optimal
number of loops to be included in the spiral tool path
segment 1s chosen to be the value of n for which the first
calculated work time 1s the shortest.

In a case where the internal contour 1s calculated to be a
small circle which 1s centered around the center of area of
the region, a second work time for a second machining
method 1s calculated by summing the work time needed to
machine a separating channel extending along the shortest
bridge connecting the external boundary to the internal
contour, further extending through the small circle and then
turther extending along an opposite bridge up to an opposite
segment ol the external boundary, thus dividing the region
into two independent Type 1 regions, and the work time
needed to machine the two independent Type I regions. In a
case where the second work time 1s shorter than the first
work time, the second machining method 1s preferred over
the first machining method.

Once the optimal number of loops to be included 1n the
converging spiral tool path segment 1s chosen, clipped areas
and tool paths for their removal are calculated as described
hereinabove. Subsequently, a new external boundary defined
by the clipped areas 1s calculated and all bridge points are
updated accordingly to be located on the new external
boundary. Thereafter, the actual path of the spiral tool path
segment 1s calculated, as follows:

Initially, the bridge point 510 of a first bridge 512 1s
preferably selected as a first spiral point of spiral tool path
segment 514. First bridge 512 1s preferably selected to
mimmize the time required to move the cutting tool from its
previous position. A possible second spiral point of spiral
tool path segment 514 1s calculated as a point on a second
bridge 516, immediately adjacent to first bridge 512 1 a
climbing direction of the cutting tool from first bridge 512,
which point 1s distanced from bridge point 517 of second
bridge 516 along second bridge 516 by the length of second
bridge 516 divided by the remaiming number of loops to be
included in tool path segment 514.

For the possible second spiral point, the engagement
angle at which the cutting tool will engage the material by
tollowing the spiral tool path segment 514 from first spiral
point 510 to the possible second spiral point 1s calculated. In
a case where the calculated engagement angle 1s between the
predetermined mimmum and maximum engagement angles,
the possible second spiral point 1s chosen as the second
spiral point 518, and a new linear subsegment 520 between
first spiral point 510 and second spiral point 518 1s added to
spiral tool path segment 514.

In a case where the engagement angle 1s less than the
predetermined minimum engagement angle, a binary search
for a second spiral point for which the calculated engage-
ment angle 1s generally equal to the predetermined minimum
engagement angle 1s performed. The binary search 1s per-
formed between the possible second spiral point and a point
on second bridge 516 distanced from bridge point 517 of
second bridge 516 by the maximum stepover. Once a second
spiral point 518 i1s found, a new linear subsegment 3520
between first spiral point 510 and second spiral point 518 1s
added to spiral tool path segment 514.
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In a case where the engagement angle 1s greater than the
predetermined maximum engagement angle, a binary search
for a second spiral point for which the calculated engage-
ment angle 1s generally equal to the predetermined maxi-
mum engagement angle 1s performed. The binary search 1s
performed between bridge point 517 of the second bridge
516 and the possible second spiral point. Once a second
spiral point 318 1s found, a new linear subsegment 520
between first spiral point 510 and second spiral point 518 1s
added to spiral tool path segment 514.

In a case where new linear subsegment 520 intersects with
internal contour 502 of the region, the spiral tool path
segment 314 1s terminated at the point of intersection,
possibly creating one or more separate unmachined residual
areas generally adjacent to internal contour 502. For each
such separate residual area, if the size of the separate
residual area 1s larger than a predetermined small value, 1t 1s
calculated to be machined by a trochoidal-like tool path
segment.

In a case where new linear subsegment 520 intersects with
an 1sland, the calculation of spiral tool path segment 514 1s
terminated at the point of intersection, and a moat 1s calcu-
lated to commence at the point of intersection and circum-
vent the 1sland. The remainder of the region for which a tool
path has yet to be calculated 1s designated as a new Type I
region to be calculated separately.

The term “moat™ 1s used throughout to designate a tro-
choidal-like tool path segment which machines a channel
generally adjacent to an 1sland that circumvents the 1sland,
thereby separating the island from the remainder of the
material which needs to be machined. The width of the moat
1s preferably at least 2.5 times the radius of the cutting tool
and preferably at most 4 times the radius of the cutting tool.
These values are predefined, however they may be modified
by the tool path designer. It 1s a particular feature of the
present invention that machining a moat around an 1sland 1s
operative to create a residual region which 1s of the same
type as the original region. This 1s of particular value when
machining a Type I region or a Type III region which are
thus able to be generally machined by spiral tool path
segments which are generally more eflicient than trochoidal-
like tool path segments.

Additionally, the machining of a moat to circumvent an
1sland 1s eflective in preventing the formation of two fronts
of a machined region adjacent to the island, which may
potentially form one or more long narrow residual walls
between the two fronts. As known to persons skilled in the
art, the formation of narrow residual walls 1s undesirable as
machining them may lead to damage to the cutting tool
and\or to the workpiece.

Once second spiral point 518 has been calculated, the
remaining number of loops to be included 1n the remainder
of tool path segment 514 1s updated. It 1s appreciated that the
remaining number ol loops may be a mixed number. The
subsequent segments of the remainder of spiral tool path
segment 514 are calculated recursively, whereby second
spiral point 318 1s designated to be a new first point of the
remainder ol spiral tool path segment 514, and the bridge
530 immediately adjacent to second bridge 516 1n a climb-
ing direction of the cutting tool from second bridge 516 is
designated to be a new second bridge. Additionally, second
spiral point 318 1s designated as a new bridge point of
second bridge 516, and the remaining region to be machined
1s recalculated.

The machining of a Type Il region 1s calculated as
follows:




US 9,823,645 B2

25

Initially, a spiral machining time 1s calculated as the sum
of the machining time needed for machiming separating
channels adjacent to all closed edges of the Type II region
and the machining time needed for machining the remaining
area of the region by a converging spiral tool path segment.
Additionally, a trochoidal-like machining time 1s calculated
as the machining time needed for machining the entire Type
II region by a trochoidal-like tool path segment. If the spiral
machining time 1s shorter than the trochoidal-like machining,
time, separating channels are calculated adjacent to all
closed edges of the region, and the remaining separated area
1s calculated to be machined by a converging spiral tool path
segment. If the spiral machining time 1s longer than the
trochoidal-like machining time, a trochoidal-like tool path
segment 1s calculated as follows:

The longest open edge of the region 1s selected as the
“front” of the region. The remainder of the exterior bound-
ary of the region 1s defined as the “blocking boundary”. A
starting end 1s selected as one of the two ends of the front,
for which when machining along the front from the starting
end to the opposite end would result 1n a climb mailling tool
path.

As shown 1n FIG. 4B a plurality of bridge lines 550 of a
predefined density are each stretched from a front 352 across
the region towards a blocking boundary 354. A bridge point
556 of each of bridges 550 1s mnitially defined as the point of
intersection of each of bridges 550 with front 552. A starting
end 560 and an opposite end 562 are selected so that bridges
550 are ordered from starting end 560 to opposite end 562
in a climbing direction of the cutting tool. A single open
trochoidal-like tool path segment 564 for machining an area
adjacent to front 552 having a width which 1s generally equal
to the maximum stepover 1s calculated by selecting a suit-
able point on each of bridges 550 and interconnecting the
suitable points 1 the order of bridge lines 530 between
starting end 560 and opposite end 562, as follows:

Initially, starting end 560 1s preferably selected as a first
point of the single trochoidal-like tool path segment 564. A
possible second point of the trochoidal-like tool path seg-
ment 564 1s calculated as a point on a first bridge 570,
immediately adjacent to first point 560 in a climbing direc-
tion of the cutting tool from first point 560, which possible
second point 1s distanced from bridge point 572 of the first
bridge by the larger of the maximum stepover and the length
of first bridge 570. In the 1llustrated example of FIG. 4B, the
possible second point 1s calculated to be at the intersection
574 of first bridge 572 and blocking boundary 5354.

For the possible second point, the engagement angle at
which the cutting tool will engage the material by following,
the cutting tool path from the first point to the possible
second point 1s calculated. In a case where the calculated
engagement angle 1s between the predetermined minimum
and maximum engagement angles, the possible second point
1s chosen as the second point, and a new linear subsegment
between first point 560 and the second point 1s added to the
single trochoidal-like cutting tool path segment 564.

In a case where the engagement angle 1s less than the
predetermined minimum engagement angle, a binary search
for a second point for which the calculated engagement
angle 1s generally equal to the predetermined minimum
engagement angle 1s performed. The binary search 1s per-
formed between the possible second point and a point on
first bridge 570 distanced from bridge point 372 of first
bridge 570, along first bridge 570, by the larger of the
maximum stepover and the length of first bridge 570. Once
a second point 1s found, a new linear subsegment between
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first point 360 and the second point 1s added to the single
trochoidal-like cutting tool path segment 564.

In a case where the engagement angle 1s greater than the
predetermined maximum engagement angle, a binary search
for a second point for which the calculated engagement
angle 1s generally equal to the predetermined maximum
engagement angle 1s performed. The binary search 1s per-
formed between bridge point 572 of first bridge 570 and the
possible second point. Once a second point 1s found, a new
linear subsegment between first point 360 and the second
point 1s added to the single trochoidal-like cutting tool path
segment 564.

In the illustrated example of FIG. 4B, intersection 574 1s
selected as the second point, and a new linear subsegment
580 between first point 560 and second point 574 1s added
to the single trochoidal-like cutting tool path segment 564.

Subsequently, calculation of the remainder of the single
trochoidal-like tool path segment 564 1s achieved by recur-
sively performing the aforementioned calculation of tool
path subsegments through suitable points on ordered bridges
5350 up until opposite end 562 of selected front 552. In a case
where the single trochoidal-like tool path segment 564
crosses an 1sland, the single trochoidal-like tool path seg-
ment 564 1s clipped at the intersecting points of the single
trochoidal-like tool path segment 564 and the external
boundary of the island, thereby creating two disjoint sub-
segments of the single trochoidal-like tool path segment
564. These two subsegments are then connected along a
section of the external boundary of the i1sland facing the
front, which section 1s a closed edge.

The atorementioned calculation completes the calculation
of a tool path segment for machiming a part of the Type II
region. At this point, the remainder of the Type II region to
be machined 1s calculated, and a tool path for machining of
the remainder of the Type 11 region 1s calculated recursively
as described hereinabove. It 1s appreciated that the machin-
ing of the remainder of the Type II region requires reposi-
tioning of the cutting tool to a starting end of a front of the
remainder of the Type II region. It 1s appreciated that
repositioning techniques are well known to persons skilled
in the art.

Referring now to the calculation of a tool path for
machining of a Type III region, a diverging spiral tool path
1s preferred when machining Type III regions, as described
hereimnabove. A diverging spiral tool path segment calculated
to machine a Type III region 1s a tool path segment which
spirals outwardly from an innermost contour to an external
boundary via a multiplicity of nested internal contours. The
nested iternal contours are calculated as follows:

A first nested internal contour 1s calculated to be a contour
which 1s oflset interiorly to the external boundary of the
region by a distance which 1s generally equal to 1.5 radi1 of
the cutting tool. Additional nested 1nternal contours are then
calculated recursively inwardly from the first nested internal
contour, each nested internal contour being inwardly spaced
from the nested internal contour immediately externally
adjacent thereto by a distance which 1s generally equal to 1.5
radn of the rotating cutting tool. A last nested internal
contour 1s calculated to be a contour having a center of area
which 1s closer than 1.5 radn of the cutting tool to at least
one point on the contour. Inwardly of the last nested internal
contour, the innermost contour 1s calculated to be a small
circle having a radius which 1s generally smaller than the
radius of the cutting tool, and which 1s centered around the
center of area of the last nested internal offset contour.

In a case where the mnermost contour 1s either within the
external boundary of an 1sland or intersects with the external
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boundary of an 1sland, a moat 1s calculated to circumvent the
1sland, and the innermost contour 1s recalculated to be
immediately external to the external boundary of the moat,
such that the mnermost contour does not intersect with any
other 1slands. It 1s noted that nested internal contours which
intersect with an external boundary of any island are dis-
carded.

Once the nested internal contours have been calculated,
the number of loops to be included 1n a diverging spiral tool
path segment which will spiral outwardly from the inner-
most contour to the last nested internal offset contour 1s
calculated preferably as follows:

A plurality of bridge lines are stretched from the inner-
most contour to a next internal offset contour immediately
externally adjacent thereto. A bridge point of each bridge 1s
initially defined as the point of intersection of the bridge
with the mnnermost contour. The length of the shortest bridge
divided by the minimum stepover provides a theoretical
maximum of the number of loops that can be theoretically
included 1n the diverging spiral tool path. The length of the
longest bridge divided by the maximum stepover provides
an absolute mimimum of the number of loops which must be
included in the diverging spiral tool path segment that is
required to machine the entire area between the innermost
contour and the next internal offset contour.

It 1s appreciated that the furthest distance, 1n any direc-
tion, from the mnermost contour which can be reached by a
diverging spiral tool path segment 1s the number of loops
included in the diverging spiral tool path segment multiplied
by the maximum stepover. Areas between the innermost
contour and the next internal oflset contour beyond this
turthest distance cannot be machined by the diverging spiral
tool path segment, and are preferably machined by clipping
alter the machining of the diverging spiral tool path seg-
ment.

Throughout, the parameter n 1s used to designate a pos-
sible number of loops to be included in the spiral tool path
segment, wheremn n 1s a number between the minimum
number of loops which must be included 1n the spiral tool
path segment and the maximum number of loops that can be
included 1n the spiral tool path segment.

For each possible value of n, the work time needed to
machine the area between the mnermost contour and the
next internal offset contour 1s calculated by summing the
time needed to machine the spiral tool path segment and the
time needed to machine all clipped areas which were 1den-
tified between the mnermost contour and the next internal
oflset contour as described hereinabove. The optimal value
of loops to be included 1n the spiral tool path segment is
chosen to be the value of n for which the calculated work
time 1s the shortest.

Once the optimal value of loops to be included 1n the tool
path segment 1s chosen, the actual path of the spiral tool path
segment 1s calculated. Initially, the bridge point of a first
bridge 1s preferably selected as a starting spiral point of the
spiral tool path segment. The first bridge 1s preferably
selected to minimize the time required to move the rotating
cutting tool from its previous position. A possible second
spiral point of the spiral tool path segment 1s calculated as
a point on a second bridge, immediately adjacent to the first
bridge 1n a climbing direction of the cutting tool from the
first bridge, which point 1s distanced from the bridge point
of the second bridge by the length of the second bridge
divided by the remaining number of loops to be included 1n
the tool path segment.

For the possible second spiral point, the engagement
angle at which the cutting tool will engage the material by
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following the cutting tool path from the first spiral point to
the possible second spiral point 1s calculated. In a case where
the calculated engagement angle 1s between the predeter-
mined minimum and maximum engagement angles, the
possible second spiral point 1s chosen as the second spiral
point, and a new linear subsegment between the first spiral
point and the second spiral point 1s added to the spiral
cutting tool path segment.

In a case where the engagement angle 1s less than the
predetermined minimum engagement angle, a binary search
for a second spiral point for which the calculated engage-
ment angle 1s generally equal to the predetermined minimum
engagement angle 1s performed. The binary search 1s per-
formed between the possible second spiral point and a point
on the second bridge distanced from the bridge point of the
second bridge by the maximum stepover. Once a second
spiral point 1s found, a new linear subsegment between the
first spiral point and the second spiral point 1s added to the
spiral tool path segment.

In a case where the engagement angle 1s greater than the
predetermined maximum engagement angle, a binary search
for a second spiral point for which the calculated engage-
ment angle 1s generally equal to the predetermined maxi-
mum engagement angle 1s performed. The binary search 1s
performed between the bridge point of the second bridge and
the possible second spiral point. Once a second spiral point
1s found, a new linear subsegment between the first spiral
point and the second spiral point 1s added to the spiral tool
path segment.

In a case where the new linear subsegment 1ntersects with
an 1sland, the calculation of the spiral tool path segment 1s
terminated at the point of intersection, where a moat 1s
calculated to commence and circumvent the i1sland. The
remainder of the region for which a tool path has yet to be
calculated 1s designated as a new Type III region to be
calculated separately.

In a case where the new linear subsegment 1ntersects with
the next internal offset contour, an additional loop of the
diverging spiral tool path segment 1s calculated, and the

portions of the additional loop which are internal to the next
internal oflset contour define one or more uncalculated
residual regions between the diverging spiral tool path
segment and the next iternal offset contour, which residual
regions are each calculated as a Type Il region, preferably by
employing a trochoidal-like tool path segment. The portions
of the additional loop which are internal to the next internal
oflset contour are connected along the next internal offset
contour to form a continuous loop which is the final loop of
the diverging spiral tool path segment.

Once the second spiral point has been calculated, the
remaining number of loops to be 1included in the tool path
segment 1s recalculated and the subsequent segments of the
spiral cutting tool path segment are calculated recursively,
whereby the second spiral point 1s designated to be a new
starting point of the remainder of the spiral tool path
segment, and the bridge immediately adjacent to the second
bridge 1n a climbing direction of the cutting tool from the
second bridge 1s designated to be the new second bridge.
Additionally, the second spiral point 1s designated as the new
bridge point of the second bridge, and the remaining region
to be machined 1s recalculated.

Subsequently, calculation of the remainder of the diverg-
ing spiral tool path for the remainder of the region 1is
achieved by recursively performing the aforementioned cal-
culation of diverging spiral tool path segments through
subsequent consecutive pairs of nested internal contours
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between the last nested internal offset contour and the
external boundary of the region.

It 1s appreciated that all of the calculations of the tool
paths described hereinabove produce piecewise linear tool
paths. In cases where a piecewise linear tool path 1s not
suitable for a particular workpiece being machined by a
particular CNC machine, a smoothing approximation of the
piecewise linear tool path may be calculated. Such approxi-
mation methods are well known to persons skilled 1n the art.

Returming now to the illustrated example of FIG. 1D,
cross section 116 i1s initially identified as a Type 1 region
which includes multiple protrusions. Therefore, a converg-
ing spiral tool path segment 1s calculated between the
external boundary of the workpiece and a calculated internal
contour, as the initial tool path segment. This calculation
preferably begins with calculation of a spiral tool path
segment which begins from a selected location just outside
the periphery of cross section 116. Reference 1s made in this
context to FIGS. 1E-1 and 1E-2, which are respective
1sometric and top view 1llustrations of the stock material 114
overlaid by outline 121 of object 100 1 which the initial
spiral tool path segment 1s indicated generally by reference
numeral 122. It 1s noted that the spiral tool path 1s indicated
by solid lines, which represent the center of the rotating
cutting tool, whose cross-sectional extent 1s designated by
reference numeral 124 in FIG. 1E-2. The selected location,
here designated by reference numeral 126, 1s preferably
selected to minimize the time required to move the rotating
cutting tool from 1ts previous position.

In the illustrated example of FIGS. 1E-1 and 1E-2, the
initial tool path segment 1s a converging spiral segment
which 1s calculated as described hereinabove. As shown in
FIGS. 1E-1 and 1E-2, mitial spiral tool path segment 122,
ultimately intersects with 1sland 1035 at intersecting point
130 at which point spiral tool path segment 122 1s termi-
nated. As shown 1n FIGS. 1F-1 and 1F-2, a moat 132 which
circumvents 1sland 105 1s calculated.

As shown 1n FIGS. 1F-1 and 1F-2, an 1inner boundary 134
of moat 132 1s calculated to be generally alongside the outer
boundary of 1sland 105. It 1s appreciated that a narrow oflset
remains between the 1sland 105 and an mnner boundary 134
of the moat, which may be finish machined at a later stage.
The outer boundary 136 of moat 132 1s calculated as being
oflset from 1nner boundary 134 by the moat width.

As shown 1n FIGS. 1F-1 and 1F-2, the outer boundary 136
of moat 132 intersects with 1sland 107 at points 138 and 139.
Theretore, an additional moat 140 1s calculated to circum-
vent 1sland 107, whereby moats 132 and 140 are joined to
form one continuous moat which circumvents islands 1035
and 107. As clearly shown i FIGS. 1F-1 and 1F-2, the
combination of the initial spiral tool path segment 122 and
subsequent moats 132 and 140 which circumvent 1slands
105 and 107 define a new Type I region which 1s designated
by reference numeral 142.

Region 142 includes multiple 1slands 109, 111 and 113. As
clearly shown m FIGS. 1F-1 and 1F-2, a bottleneck 150 1s
detected 1n region 142. Therefore, as shown in FIGS. 1G-1
and 1G-2, a separating channel 152 1s calculated at the
location of bottleneck 150, eflectively dividing region 142

into two mdependent Type I regions designated by reference
numerals 154 and 156.

Turning now to FIGS. 1H-1 and 1H-2, it 1s shown that
initially, a spiral tool path segment for region 154 1s calcu-
lated, while the calculation of region 156 1s deferred. As
shown in FIGS. 1H-1 and 1H-2, a starting point 160 1s
chosen and a spiral tool path segment 162 extends from
initial point 160 generally along the external boundary of
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region 154 until intersecting with 1sland 109 at intersecting
point 164 at which point spiral tool path segment 162 1s
terminated. As shown 1n FIGS. 1I-1 and 11-2, a moat 166
which circumvents 1sland 109 1s calculated. The remainder
of region 154 1s identified as a Type I region designated by
reference numeral 170.

Region 170 includes islands 111 and 113. As clearly
shown 1n 1I-1 and 11-2, a bottleneck 172 1s detected 1n
region 170. Therefore, as shown 1n 1J-1 and 1J-2, a sepa-
rating channel 174 is calculated at the location of bottleneck
172, eflectively dividing region 170 into two independent
Type I regions designated by reference numerals 176 and
178.

Turning now to 1K-1 and 1K-2, it 1s shown that 1nitially,
a spiral path for machining region 176 1s calculated, while
the calculation of region 178 1s deferred. As shown 1n FIGS.
1K-1 and 1K-2, region 176 does not include any 1slands,
therefore a converging spiral tool path segment 1s calculated
to machine region 176 with the internal boundary of region
176 being a small circle 177 of a radius which 1s generally
smaller than the radius of the tool, and which 1s centered
around the center of area of region 176.

Subsequently, a spiral tool path segment for region 178 1s
calculated. As shown i FIGS. 1L-1 and 1L-2, a starting
point 180 1s chosen and a spiral tool path segment 182 1s
extended from 1nitial point 180 generally along the external
boundary of region 178 until intersecting with 1sland 111 at
intersecting point 184 at which point spiral tool path seg-
ment 182 1s terminated. As shown 1n FIGS. 1M-1 and 1M-2,
a moat 186 which circumvents protrusion 110 is calculated.

It 1s appreciated that 1n a case where the external boundary
of a moat 1s calculated to be in close proximity to the
external boundary of the Type I region which includes the
moat, a local widening of the moat 1s calculated to prevent
the forming of a narrow residual wall between the moat and
the external boundary of the region. As known to persons
skilled 1n the art, the formation of narrow residual walls 1s
undesirable as machining them may lead to damage to the
cutting tool and\or to the workpiece.

As seen 1 FIGS. 1M-1 and 1M-2, the external boundary
of moat 186 1s calculated to be 1n close proximity to the
external boundary of region 178. Therefore, moat 186 1is
locally widened up to the external boundary of region 178,
along a narrow residual wall area 189 in which, without this
widening, a narrow residual wall would be have been
formed between moat 186 and the external boundary of
region 178. Locally widened moat 186 divides region 178

into two mdependent Type I regions designated by reference

numerals 190 and 192.

Turning now to FIGS. 1N-1 and 1N-2, 1t 1s shown that

mnitially, region 190 1s calculated, while the calculation of
region 192 1s deferred. As shown i FIGS. 1N-1 and 1N-2,
two clipped areas of region 190 designated by numerals 196
and 198 are identified. Areas 196 and 198 are calculated to
be machined by a trochoidal-like tool path segment prior to
the machining of the remainder of region 190 by a spiral tool
path segment.
The remainder of region 190 does not include any 1slands,
therefore a converging spiral tool path segment 1s calculated
to machine the remainder of region 190 with the internal
boundary being a small circle 191 of a radius which 1s
generally smaller than the radius of the tool, and which 1s
centered around the center of area of the remainder of region
190.

Subsequently, a spiral tool path segment for region 192 1s
calculated. As shown 1n FIGS. 10-1 and 10-2, one area of

region 192, designated by numeral 200 1s identified by
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clipping. Area 200 1s calculated to be machined by a
trochoidal-like tool path segment prior to the machining of
the remainder of region 192 by a spiral tool path segment.

Additionally, as shown in FIGS. 1P-1 and 1P-2, an
additional area of region 192, designated by numeral 202 1s
identified by clipping. However, 1t 1s calculated that area 202
would be more efliciently machined as a separate Type 1
region. Therefore, a separating channel 210 which divides
the remainder of region 192 into two Type I regions desig-
nated by numerals 202 and 214 is calculated. Region 202
does not include any protrusions, therefore, as shown 1n
FIGS. 1Q-1 and 1Q-2, a converging spiral tool path segment
1s calculated to machine region 202 with the internal bound-
ary being a small circle 213 of a radius which 1s generally
smaller than the radius of the tool, and which 1s centered
around the center of area of region 202.

It 1s calculated that machining a separating channel 210
and machining region 202 as a Type I region results 1 a
machining time which 1s shorter than the machiming time of
region 202 by a trochoidal-like tool path segment.

Turning now to FIGS. 1R-1 and 1R-2, 1t 1s shown that
region 214 includes one 1sland 113 which i1s generally
centrally located within region 214. Therefore, a converging
spiral tool path segment 216 is calculated to machine region
214 with the mternal boundary being generally alongside the
external perimeter of 1sland 113. As shown in FIG. 1R-2,
spiral tool path segment 216, ultimately intersects with
1sland 113 at intersecting point 218 at which point spiral tool
path segment 216 1s terminated. It 1s appreciated that after
machining segment 216, there may remain one or more Type
IT regions adjacent to i1sland 113 which are machined by
trochoidal-like tool path segments.

Turning now to FIGS. 15-1 and 1S-2, it 1s shown that, the
machining of region 156 is calculated. As shown in FIGS.
1S-1 and 1S-2, a clipped area of region 156 designated by
numeral 230 1s identified by clipping. Area 230 1s preferably
calculated to be machined by a trochoidal-like tool path
segment, and the remainder of region 156 1s then calculated
to be machined by a spiral tool path segment.

It 1s appreciated that the calculation described herein-
above constitutes the calculation of a tool path for the
machining of a first step down which 1s a first phase 1n the
machining of object 100. Throughout, the term “step down”
1s used to describe a single machining phase at a constant
depth. As shown 1n FIG. 1C, the complete machimng of
object 100 requires three step downs. Therefore, subsequent
and similar to the calculation described hereinabove, the tool
path designer calculates the machining of second step down
119 and thereatter of third step down 120, thereby complet-
ing the entire rough machining of object 100. Preferably, the
vertical distance between subsequent step downs 15 gener-
ally between 1 and 4 times the diameter of the cutting tool.

It 1s appreciated that following the rough machining of a
workpiece, an additional stage of rest rough machining 1s
calculated, which reduces the large residual steps created by
the series of step downs on the sloping surfaces of object

100.

Reference 1s now made to FIGS. 2A-21.-2, which 1llus-
trate the calculation of another tool path 1n accordance with
a preferred embodiment of the present invention. FIGS. 2A
and 2B are respective 1sometric and top view illustrations of
an object 400, which 1s another example of objects that can
be fabricated 1n accordance with the present invention. The
configuration of the object 400 1s selected to 1illustrate
additional various particular features of the present inven-
tion. It 1s noted that any suitable three-dimensional object
that can be machined by a conventional 3-axis machine tool
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may be fabricated in accordance with a preferred embodi-
ment of the present invention.

As seen 1 FIGS. 2A & 2B, the object 400 1s seen to have
a generally planar base portion 402 from which one protru-
sion, here designated by reference numeral 404, extends.
FIG. 2C shows stock material 410 overlaid by a cross
section 420 of object 400. Cross section 420 1s characterized
as having an external boundary 422 and an 1sland 405
corresponding to the cross section of protrusion 404 at the
depth of cross section 420.

In the 1llustrated example of FIG. 2C, cross section 420 1s
initially identified as a Type 11l region 424 which includes
one 1sland 4035. As described hereinabove, a plurality of
nested oflset contours 1s calculated between the external
boundary 422 of region 424 and an imnermost contour of
region 424. The mnnermost contour 1s mitially calculated to
be overlapping with the external boundary of island 405.
Theretore, as shown 1n FIGS. 2D-1 and 2D-2, a moat 428 1s
calculated to circumvent i1sland 405, and the innermost
contour 430 1s calculated to be immediately external to the
external boundary of moat 428.

As shown in FIGS. 2D-1 and 2D-2, innermost contour
430 and nested internal contour 440, external to innermost
contour 430, define a Type III region 442. As shown 1n
FIGS. 2E-1 and 2E-2, a diverging tool path segment 443 1s
iitially calculated to spiral outwardly between mmnermost
contour 430 and nested internal contour 440, thereby creat-
ing two residual regions 444 and 446. As shown 1n FIGS.
2F-1 and 2F-2, residual region 444 i1s calculated to be
machined as a Type Il region by employing a trochoidal-like
tool path segment. Similarly, as shown 1 FIGS. 2G-1 and
2(G-2, residual region 446 1s calculated to be machined as a
Type II region by employing a trochoidal-like tool path
segment.

Turning now to FIGS. 2H-1 and 2H-2, it 1s shown that a
diverging spiral tool path segment i1s calculated to machine
a Type III region 448 defined between nested internal
contour 440 and nested internal contour 450. Subsequently,
as shown 1n FIGS. 21-1 and 21-2, a diverging spiral tool path
segment 1s similarly calculated to machine a Type 111 region
452 defined between nested 1nternal contour 450 and nested
internal contour 460.

Turning now to FIGS. 2J-1 and 2J-2, 1t 1s shown that a
diverging tool path segment 1s calculated to machine a Type
IIT region 468 defined between nested internal contour 460
and external boundary 422, thereby creating two residual
regions 470 and 472. As shown i FIGS. 2K-1 and 2K-2,
residual region 470 1s calculated to be machined as a Type
II region by employing a trochoidal-like tool path segment.
Similarly, as shown 1n FIGS. 2L-1 and 2L.-2, residual region
472 1s calculated to be machined as a Type II region by
employing a trochoidal-like tool path segment, thereby
completing the calculation of the machining of object 400.

It will be appreciated by persons skilled 1n the art that the
present imvention 1s not limited by what has been particu-
larly shown and described hereinabove. Rather, the inven-
tion also includes various combinations and subcombina-
tions of the features described hereinabove as well as
modifications and variations thereof, which would occur to
persons skilled in the art upon reading the foregoing and
which are not in the prior art.

The mvention claimed 1s:

1. An automated computer-controlled machine to fabri-
cate an object from a workpiece, the machine comprising:

a controller operative for directing a rotating cutting tool

along an asymmetric, non-circular spiral tool path
relative to said workpiece, said asymmetric, non-cir-
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cular spiral tool path including a plurality of sequential
loops, mutually separated by different distances at
different locations therealong, in each of which an
engagement angle between said tool and said work-
piece gradually decreases from a maximum engage-
ment angle to a minimum engagement angle and gradu-
ally increases from a minimum engagement angle to a
maximum engagement angle, at least twice 1n a single
loop.

2. An automated computer-controlled machine to fabri-
cate an object from a workpiece according to claim 1 and
wherein said controller 1s also operative for:

selecting a region of said workpiece to be removed by a

rotating cutting tool; and

directing said rotating cutting tool along an asymmetric

spiral tool path in said region of said workpiece, which
spiral tool path maximizes the portion of said region of
said workpiece which 1s removed by said rotating
cutting tool moving along said asymmetric spiral tool
path.

3. An automated computer-controlled machine to fabri-
cate an object from a workpiece according to claim 2 and
wherein said controller 1s also operative for directing said
rotating cutting tool along at least one trochoidal-like tool
path 1n a remaining portion of said region of said workpiece
which 1s removed by said tool moving along said trochoidal-
like tool path.

4. An automated computer-controlled machine to fabri-
cate an object from a workpiece according to claim 1 and
wherein:

said controller 1s also operative for:

selecting a region of said workpiece to be removed by
a rotating cutting tool;

selecting a first portion of said region to be removed by
an asymmetric spiral tool path; and

directing said rotating cutting tool along at least one
trochoidal-like tool path 1n said region of said work-
piece; and

said selecting a first portion of said region 1s operative to

minimize the machining time necessary to remove said
region.

5. An automated computer-controlled machine to fabri-
cate an object from a workpiece according to claim 1 and
wherein said controller 1s also operative for:
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considering the cross section of a desired object to be

fabricated from a workpiece;

defining 1solated regions of said cross section on said

workpiece surface which are not to be removed as
1slands:

imtially directing said tool along a tool path 1n a region

not having 1slands; and

upon said tool path encountering an 1sland, directing said

tool along a tool path which defines a moat surrounding
said 1sland.

6. An automated computer-controlled machine to fabri-
cate an object from a workpiece according to claim 1 and
wherein said controller 1s also operative for:

identifying at least one open region for which a first

machining time needed to remove said region 1s longer
than a second machining time needed to divide said
region into two independent regions by removing a
separating channel by a rotating cutting tool between
said two independent regions and removing said two
independent regions; and

directing said tool along a trochoidal-like tool path 1n said

at least one separating channel extending between two
points on edges of an external boundary of said region,
thereby dividing said region into at least two indepen-
dent regions.

7. An automated computer-controlled machine to fabri-
cate an object from a workpiece according to claim 1 and
wherein said controller 1s also operative for:

identifying at least one semi-open region for which a first

machining time needed to remove said region by
employing a trochoidal-like tool path 1s longer than a
second machiming time needed to 1solate said region by
removing separating channels between said region and
all closed external boundary segments of said region
and removing the remainder of said region; and

directing said tool along a trochoidal-like tool path 1n said

at least one separating channel between said region and
all closed external boundary segments of said region,
thereby defining a remaining open region to be
removed.
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